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Introduction

Motivation and Approach
The renewable energy sources have recently become an essential generation option for many countries to mitigate pollution and promote clean and sustainable energy development [1] . The volatility of output power in renewable energy resources can be compensated by using fast-acting dispatchable sources, like gas turbines or hydro power units [2] or both of them. The fast ramping and storage capabilities of cascaded hydro units [3] can be used for profit making in a deregulated power market environment. Different uncertainty resources have been identified for hydrothermal scheduling problem like load demand, reservoir water inflows, fuel price and thermal unit forced unavailabilities, market price, random natural gas infrastructure interruptions [4, 5] . The existing models of the literature tried to model the aforementioned uncertainties using probabilistic approaches.
One drawback of stochastic optimization technique is that they are computationally expensive and the decision maker needs to know the probability density function (PDF) of them. However, in some practical applications the computational burden becomes an important factor. On the other hand, the decision maker does not always have complete information about the distribution and behaviors of the uncertain parameters. The decision maker (Genco) needs some computational tools to be robust against the variation of uncertain input data which does not add complexity to the existing problem. The aim of this paper is to provide such a tool. The focus of this paper is just on modeling the uncertainty of price values in the day ahead electricity market.
Literature Review and Contributions
The hydro-thermal coordination problem is solved using different methods like Lagrangian multipliers correction procedure [6] , clipping-off interior-point algorithm [7] , coevolutionary algorithm (CEA) based on the Lagrangian method [8] , bundle trust region method [9] , diploid genotype based genetic algorithm [10] , small population-based particle swarm optimization (SPPSO) approach [11] , augmented Lagrangian approach [12] , stochastic dual dynamic programming algorithm [13] , benders decomposition approach [14, 15] , stochastic midterm financial risk constrained [16] , semidefinite programming [17] , scenario simulation approach [18] and
Monte Carlo based method [19] .
Contributions
An optimal scheduling method for hydro-thermal plants is proposed without knowing the exact values or even probability distribution of hourly electricity prices. It incorporates the facilities that the smart grid technologies may provide for Gencos. The contributions of this work are summarized as follows:
• Modeling the uncertainties associated with price values without knowing the exact probability density function of them.
• Enhancement of the self-scheduling problem using smart grid facilities.
Paper Organization
This paper is set out as follows: section 2 presents problem formulation, the proposed robust optimization technique is presented in section 3. Simulation results are presented in section 4 and finally, section 5 summarizes the findings of this work.
Problem formulation
The assumptions and technical constraints considered in this work, are described as follows:
Uncertainty modeling of electricity price
The price of energy in electricity markets is determined by the behaviors of the market (including the generation and demand side) players. This would make this quantity very volatile. The literature suggests a wide range of methods for uncertainty modeling of electricity price such as scenario based modeling [20, 21] , Monte Carlo approach [4] , fuzzy arithmetic [22] . In this paper interval based uncertainty modeling [23] is used.
The electricity price λ t is assumed to be as follows:
whereλ t ,λ t ,λ t are the predicted value, maximum variation around the predicted value and uncertain real realization of the price quantity, respectively.
Total cost of energy production
The power production cost is defined as:
where a i , b i and c i are the fuel cost coefficients of the i th unit.
Thermal unit constraints
1. Thechnical constraints The output power change rate of the thermal unit must be in an acceptable range to avoid undue stresses on the boiler and combustion equipments. The ramp rate limits of generation units can be mathematically stated as follows [24] :
where U R i and DR i are the ramp up/down limits of the i-th thermal unit (M W/h).
Emission allowance constraint
The total emission of the Genco should be kept under the emission allowance limit, i.e. E max as follows:
T E ≤ E max (12)
Hydro unit constraints
Water Balance
The water balance equations that should be satisfied in each hour are:
where L h t is reservoir volume , I h t+1 is the water inflow, R h t is the released water and S h t is the spilled water is at the end of period t in million m 3 . R max is the maximum released capacity per hour in million m 3 . L start is the volume of the water in dam at beginning of the considered horizon. This constraint means that the volume of water in a reservoir of hydro turbine h in time t + 1 will be equal to its value in the previous period plus the water inflow to its reservoir in time t + 1 minus its own released/spilled water and in time t + 1 plus the released/spilled water of all reservoirs in its upstream in previous hours (with considering time delays τĥ). The concept of this cascade reservoir water balance constraint is depicted in Fig.1 
Water to Power Conversion
The hydro power production function (HPF) (or hill chart [25] ) which relates the output power of hydro plant to the water level, inflow and spillage [26] is of great importance in hydro plant scheduling. In this paper, the method proposed in [27, 11] , has been adopted which describes the relationship between the released water and water level of the reservoir with the out put power of the hydro power plant, as follows:
where c h 1→6 are the characteristics factors of hydro turbine h. P h,t is the generated power of hydro unit h in time t.
Objective function
The objective function to be maximized is defined as the total money received from selling the energy minus the total paid costs as follows:
The values of hourly electricity price in (16) are subject to uncertainty. The uncertainty handling method is described in next section.
Proposed robust optimization approach
The concept of robust optimization (RO) was first introduced by Soyster [28] . It's a new approach to optimization problems affected by uncertainty specially in case of lack of full information on the nature of uncertainty [29] . The successful application of this method in power systems have been reported in recently published papers like: energy hub management [30] , unit Commitment With Wind Power and Pumped Storage hydro [31] , optimal adjustment of power system stabilizers [32] , integration of plug-in hybrid electric vehicles (PHEVs) into the electric grid [33] and planning regional-scale electric power systems and managing carbon dioxide [34] . The concept of robust optimization is described as follows: consider a function like z = f (x, y)
which is linear with respect to x and non-linear with respect to y. The values of x are subject to uncertainty while the y values are known. In robust optimization, it is assumed that no specified probability density function is in hand for describing the uncertain parameter x. The uncertainty of x is modeled with an uncertainty set x ∈ U (x). Where U (x) is a set that parameter x can take value from it. The maximization of z = f (x, y) can be formulated as follows:
Since the value of z is assumed to be linear with respect to x, it can be reformulated as follows:
The robust optimization seeks a solution which not only maximizes the objective function z but also insures the decision maker that if there exist some prediction error about the values of x, the z remains optimum with high probability [35] . To do this, a robust counter part version of the problem is constructed and solved. In this work, the uncertainty set U (x) is defined as follows:
wherex,x,x are the uncertain value, predicted value and maximum possible deviation of variable x fromx, respectively.
The robust counter part of problem stated in (19) is defined as follows:
f (x, y) = A(y) * x + g(y) − max
As it is concluded from (24), there are two nested optimization problems. Consider the following optimization:
This is linear with respect to w i and has a dual form as follows:
Inserting the (31) into (24) gives :
Scheduling without smart grid
The Genco tries to maximize its benefit considering that the price values in Γ percent of hours of the upcoming day are unknown.
Subject to:
This is equivalent to the following formulation:
Since it should remain feasible at presence of any disturbance in uncertain values of price, then the robust counter part of the problem is constructed as follows:
Constraints: (2) → (15) where (P T t ) * is the optimal value of the problem without considering the uncertainties. Γ is called the budget of uncertainty. This is a control parameter set by decision maker to specify his degree of conservativeness. The value of Γ indicates that the price values in how many hours may deviate its predicted valuesλ t .
Using the method proposed in [35] the robust counterpart of the problem is described as follows:
In this formulation, the β, ξ t , P i,t , P h,t constitute the decision variable vectors. It should be noted that the β, ξ t are dual variables of the original problem (38).
Scheduling with smart grid
By applying the smart grid concept, the Genco can expect higher benefits since he has more information about the price values (the price up to time t as depicted in Fig.2 ). This would work in the following way:
assuming that the market is cleared based on day ahead operation, the actual price values are known by the ISO and the information of actual price values are transmitted to the Gencos 10 minutes prior to the beginning of hour t using the scheme depicted in Fig.3 . In this way the Genco would be aware of all price values up to time t. This moving window rolls from t = 1 and ends to t = 24. At the beginning of the day the only available quantity is the actual value of price in t = 1 and the length of the aforementioned window is 24 − 1 hours. In the next hour the actual values of t = 1, 2 are know and the length of the rolling window is 24 − 2 hours for decision making about the generating schedule. In hour t, the values of price are known for hours 1 → t so the length of the decision making window is 24 − t. In this way, the Genco is able to adjust its operating schedule decisions for time t to 24 when it reaches to hour t. This is the key point of getting equipped with smart grid facilities.
The steps of the proposed algorithm are as follows:
Step.1 : sett = 1
Step.2 : solve the following optimization
λ t =λ t for t >t (47)
Constraints: (2) → (15)
Step.3 : fix the values of P i,t , P h,t
Step.4 :t =t + 1
Step.5 : ift ≤ 24 go to Step 2; else continue.
Step.6 : Stop
Simulation results
The proposed approach is implemented in GAMS [36] environment and solved by CONOPT solver [37] . It is applied on a 11-thermal units system [38] and 4 cascaded hydro units as described in Table 1 . The values of electricity price are given in Table 2 [23] . The upper and lower bounds of price values along with the actual (which would be revealed after the upcomming day) and predicted values of them are depicted in Fig.4 .
The reservoir inflows and predicted values of electricity prices are available in Table 3 [27] . The technical characteristics of hydro units are given in Table 4 [27].
In the case "without Smart Grid", the value of Γ are interpreted as follows: in Γ percent of the 24 hours of the upcoming day, the actual values of price may be different with the predicted values of them. In the case "with Smart Grid", the value of Γ have different meanings as follows: the actual values of price quantities are known up to time t. In Γ percent of the hours between t+1 to 24 of the upcoming day, the actual values of price may be different with the predicted values of them. The problem is first solved when the emission constraint is relaxed and then the impact of this constraint is investigated as described in the following sections.
Case A: no emission limit
In this case the value of E max is set to ∞. Two cases are studied, namely: decision making with and without smart grid technology. The values of total benefits of Genco for both cases are given in Table 5 . The first column in Table 5 shows the budget of uncertainty (Γ) which is changed from 0 to 100 %. It can be concluded from the values of Table 5 that the corporation of smart grid facilities can bring some benefits for the Gencos as they may have more information about the future values of the uncertain parameters like electricity prices. The values of Table 5 show that if the degree of conservatism (Γ) is increased then the benefit decreases.
In other words, if the decision maker tries to hedge himself from the risk of low level prices then he will be getting far from the optimality (high benefits). In fact there is always a trade off between the robustness and the optimality of solutions. The total generated powers for both aforementioned cases are shown in Fig. 5 . This shows that for a given level of conservativeness, the total generated power of Genco is less in no smart grid case. For Γ = 0, 80, 100% the values of scheduled power in both thermal and hydro plants are given in Tables   6,7 ,8, respectively.
Case B: with emission limit
In this case the optimal self scheduling problem is solved for various values of E max . The emission limit is varied from 100 to 10 Tons of N O x . The optimal values of total benefits for both cases (with smart grid and without smart grid) are given in Table 9 . As it is expected, if the emission limit constraint is imposed, the total benefits of the Genco decreases. However in all cases the use of smart grid technology can increase the net benefits of the Genco compared with the case when no smart grid is available.
Conclusion
This paper formulates a robust optimization based self scheduling algorithm for hydro-thermal units. The uncertainty of electricity prices of power market is taken into account using a polyhedral uncertainty set and Table 3 : The values of water inflow over the hours Table 4 : The characteristics of hydro power generators 
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